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Abstract
The ambitious fifth generation (5G) cellular system requirements and performance targets motivated
standardisation bodies to consider wide bandwidth allocations for 5G in the mm-wave band. Neverthe-
less, parts of the considered band are already allocated to satellite services in several regions. We tackle
this challenge by proposing a co-existence framework for 5G and fixed satellite services (FSS). We fo-
cus on the uplink of both systems and consider realistic 5G deployment scenarios with multiple users
and multiple radio access network (RAN) cells. We propose a generic and controllable co-existence
constraint applicable to different 5G numerologies and configurations. In addition, we derive a protection
distance to guarantee the co-existence constraint and utilise several 5G system features to define soft
constraints. The 5G/FSS coexistence is investigated based on performance of the 5G user plane. Sim-
ulation results show that the 5G deployment scenario is a key factor in setting the protection distance.
In addition, the FSS elevation has a significant effect on the identified distance. The results suggest
that both systems can operate in the same band without very large protection distance at a controllable
expense of a small, e.g., 1%− 5%, performance loss.
1 Introduction
The exponentially increasing wireless data traffic, heterogeneity of radio access technologies and the
new ambitious cellular applications motivated the design of a multi-service, multi-band and adaptable
fifth generation (5G) new radio (NR) cellular system. The latter is driven by the verticals’ capacity, latency
and performance targets that should meet diverse use case requirements under strict quality-of-service,
cost and energy constraints. This suggests network densification with wider bandwidth allocations, and
a short-length wireless link coupled with efficient and minimal control signalling. In the capacity and
throughput dimension, the 5G enhanced mobile broadband (eMBB) system is required to meet the IMT-
2020 targets of 10 Mbit/s/m2 area traffic capacity with 20 Gbit/s downlink and 10 Gbit/s uplink peak data
rate [1]. A combination of wider bandwidth allocations, more spatial frequency reuse, higher spectral
efficiency techniques and massive antenna arrays have been proposed and adopted in the 5G NR
design to meet the aforementioned targets.
To satisfy bandwidth and capacity requirements of the 5G NR system, millimetre-wave (mm-wave)
bands are being considered for the access network (as well as for the backhaul/fronthaul networks).
More specifically, the third generation partnership project (3GPP) specified 5G NR operation from low
(0.4 GHz) to very high (100 GHz) frequency bands including standalone operation in unlicensed bands,
with ultra-wide carrier bandwidth up to 100 MHz in sub-6 GHz bands and up to 400 MHz in above-6
GHz bands [2]. In the mm-wave spectrum, the 3GPP specified the following bands for 5G NR sys-
tems n257: 26.5 GHz−29.5 GHz (being considered in Korea and Japan starting from 27.5 GHz), n258:
24.25 GHz−27.5 GHz (Europe and China), n260: 37 GHz−40 GHz (USA and China), and n261: 27.5
GHz−28.35 GHz (USA) [2]. However, parts of these mm-wave bands are allocated to satellite services.
For instance, the uplink of fixed satellite services (FSS) in Ka-band operate in the 27.5−29.5 GHz. This
calls for a co-existence framework with 5G/satellite coordination to avoid harmful interference between
satellite links and 5G links.
Several dimensions in the 5G system design can be exploited to minimise the impact of this inter-
ference. The 5G NR antenna arrays can be exploited to steer the beam towards intended users whilst
reducing the gain towards the interferers. In addition, the 3GPP defines a block error rate threshold
for different services. For instance, the eMBB operates with a maximum block error rate of 10% [3].
Expressed differently, guaranteeing an interference level that does not violate the block error rate con-
straint could allow the two systems to co-exist in the same band. In this paper, we propose a framework
to study the co-existence feasibility between the 5G NR system and the FSS system. Progressing
beyond our preliminary study in [4], we model and simulate the sharing constraint in a multi-cell/multi-
beam environment whilst focusing on the 5G uplink. Consequently, the protection distance/constraint
is affected by density, activity and deployment scenario of the 5G system as well as parameters of the
FSS system. Several 5G NR deployment scenarios such as dense urban single tier and urban macro
are considered. In addition, the 5G path loss models [5] of each deployment scenario are considered.
Simulations are performed to study feasibility of deploying the 5G system with the FSS system, and the
impact of different parameters on the sharing constraint and on the protection distance is investigated
and analysed.
The reminder of this paper is structured as follows: Section 2 discusses the 5G features, constraints
and enablers that can be exploited to allow co-existence with the FSS system. Section 3 presents the
coexistence scenario and develops the constraints model. Section 4 provides and discusses simulation
results. Finally, conclusion are drawn in Section 5.
2 5G Features, Constraints and Enablers
The ambitious 5G NR targets motivated academia and industry fora as well as standardisation bodies, in
particular the 3GPP, to design the 5G system with operation from low to very high bands (0.4 GHz−100
GHz) including standalone operation in unlicensed bands as mentioned previously. To ensure optimal
operation in different frequency ranges, the 5G system supports a set of different numerologies with
new channel coding: low density parity code (LDPC) for data channel and polar code for control chan-
nel. Similar to the LTE, the 5G NR adopts adaptive coding and modulation. However, up to 256 QAM
is supported in the user plane. Typically, the same coding/modulation is applied to all resource blocks
belonging to the same user within one transmission time interval (TTI) and within one multiple-input
multiple-output (MIMO) codeword. The user (or the g-NodeB) estimates link quality based on channel
state information reference signal (CSI-RS) measurements in downlink or based on the sounding refer-
ence signal (SRS) measurements in uplink. The estimated channel quality is fed to the g-NodeB (or to
the user) in the form of a channel quality indicator (CQI). The latter is used to set the coding and modu-
lation scheme. It is worth mentioning that the CQI selection (and the corresponding coding/modulation
scheme) is chosen to maximise the throughout whilst ensuring that a block error rate (BLER) constraint
is not violated. Expressed differently, the coding/modulation scheme in the 5G NR system changes
dynamically to ensure selecting the highest order coding/modulation scheme whilst keeping the BLER
below the constraint. For 5G eMBB use case, such constraint is set at 10% [3].
In addition, the 5G NR radio access network (RAN) architecture has been flexibly designed to en-
able control-plane/user-plane separation along with fronthaul splitting and network slicing. The RAN
elements, i.e., the g-NodeBs, are equipped with multiple antennas. The latter are used at every stage
of the operation, e.g., for initial access, data transmission, mobility, etc. Unlike the legacy long term
evolution (LTE) which was designed based on the assumption of a fixed analog beam per cell to provide
full coverage, the 5G NR is designed based on multiple steerable beams per cell [6]. Such large antenna
arrays with steerable beams could enable a significant increase in the gain towards intended users and a
significant reduction in the gain towards interferers. Depending on the scenario, use case and frequency
range, antenna arrays with up to 1024 elements have been proposed for the 5G system
In [4], we provided a preliminary study involving a single FSS terminal and a single 5G g-NodeB
and a single 5G user. We showed that the 5G NR antenna array is a key factor in reducing the effect
of FSS interference as well as reducing the required protection distance. In this paper, we progress
beyond the preliminary study by considering a realistic scenario of multiple 5G g-NodeBs and multiple
5G users. This implies that the interference is generated by both 5G users and the FSS terminal. In
addition, we consider relevant 3GPP 5G deployment scenarios, in particular urban macro and dense
urban single tier scenarios. It is worth mentioning that time division duplex (TDD) is considered as
the mode of operation in the aforementioned 5G mm-wave bands. Consequently, the FSS interference
affects both uplink and downlink of the 5G system. In this paper, we focus on the uplink of the 5G system
(i.e., FSS interference towards the 5G g-NodeB and 5G user interference towards the 5G g-NodeB). We
consider the 5G user plane and exploit the CQI-based adaptive/modulation mechanism to define the
sharing constraints. To ensure a generic framework applicable to all bandwidth configuration and frame
numerologies, we propose using the 5G NR resource element efficiency as a metric for evaluating the
combined effect of FSS interference and 5G user interference on the protection distance. The following
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Figure 1: Coexistence scenario in the uplink. Only two g-NodeBs are shown for readability.
section provides the detailed modelling for these parameters.
3 Coexistence Scenario and Modelling
We consider the 28 GHz band where the FSS operate in the uplink along with the 5G NR system.
Although TDD is the mode of 5G operation in this band, we focus on the uplink only. We model the
realistic scenario of multiple 5G g-NodeBs and users. This implies that the 5G g-NodeBs are affected
by the interference from both 5G users (attached to other g-NodeB) and FSS terminals. Fig. 1 show the
considered scenario.
The 5G user to 5G g-NodeB interference can be classified as a 5G system interference whilst the FSS
to 5G g-NodeB interference can be termed as the coexistence interference. The former is independent
of the FSS deployment while the latter depend on the FSS parameters and deployment area. The co-
existence interference can be reduced by defining a protection distance Dp around the 5G g-NodeB.
Deriving this distance requires detailed modelling of the FSS and the 5G NR parameters, as well as
setting a maximum tolerable degradation in the 5G system performance resulting from the co-existence
interference. We propose using the resource element1 efficiency as a measure for the performance
loss to ensure a generic framework applicable to different configurations (i.e., bandwidths and frame
structures/numerologies). Consequently, the protection distance can be formulated as:
Dp =minDf,b
s.t.
REs −REc
REs
≤ Lt
(1)
where Df,b is the distance between the FSS terminal and the 5G g-NodeB, REs is the 5G resource
element efficiency without co-existence interference (i.e., with 5G system interference only), REc is the
5G resource element efficiency with both FSS coexistence interference and 5G system interference,
Lt is the maximum tolerable loss. In other words, the FSS system is allowed to operate as long as it
maintains a 5G resource element efficiency loss below the maximum tolerable loss Lt. The resource
element efficiency depends on the code rate α and the modulation order β.
REs =maxα · β
s.t. BLERs ≥ BLERr
(2)
REc =maxα · β
s.t. BLERc ≥ BLERr
(3)
where BLERs is the 5G uplink BLER with system interference only, BLERc is the 5G uplink BLER
1The 5G NR resource grid is divided into resource blocks which are the minimum scheduling unit. Each resource block consists
of 12 subcarriers in frequency domain and a subframe/timeslot in the time domain. The subframe consists of multiple symbols
depending on the subcarrier spacing. A single subcarrier in the frequency domain and a symbol in the time domain form the
resource element. The definition of the latter is independent of the frame configuration.
with both system and coexistence interference, BLERr is the 5G BLER constraint. The 5G NR link
adaptation in the form of coding/modulation is based on CQI feedback. The latter is computed from
channel state information (e.g., via CSI-RS or SRS). To maintain a satisfactory performance, the 5G link
operates with the highest possible CQI whilst keeping the BLER below the constraint. As a result, the
selection of α and β in (2) and (3) depends on the link quality. The latter can be measured based on the
signal-to-interference-plus-noise ratio (SINR). Consequently, the constraints in (2) can be written as:
BLERs ≥ BLERr ←→ SINRs ≥ SINRr (4)
BLERc ≥ BLERr ←→ SINRc ≥ SINRr (5)
where SINRs is the SINR with 5G system interference only, SINRc is the SINR with 5G system inter-
ference and coexistence interference, SINRr is the SINR level that achieves BLERr.
In the considered scenario of Fig. 1, the SINRu,b at g-NodeB b from user u can be formulated as:
SINRu,b =
Su,b∑
q,∀q∈U/u Iq,b +
∑
k,∀k∈F Ik,b +N0 ·W ·N1
(6)
where Su,b is the received signal at the serving g-NodeB b from user u, Iq,b is the received interference
at the g-NodeB from the interfering 5G users being served by other g-NodeBs with U being the set of all
users, Ik,b is the received interference at the g-NodeB from the interfering FSS terminal with F being the
set of all terminals, N0 is the noise power spectral density, N1 is the noise figure and W is the bandwidth,
with all parameters being in the linear scale. Notice that the term Ik,b=0 when considering the 5G
system interference only, and Ik,b> 0 when considering both system and coexistence interference.
The parameters in (6) can be modelled using conventional received power models. For instance, the
received power at g-NodeB b from user u can be formulated as:
Su,b =
Pu ·AGu,b ·AGb,u
PLu,b
(7)
where Pu is the transmit power of user u, AGu,b is the user u transmit antenna gain towards g-NodeB b,
AGb,u is the g-NodeB b receive antenna gain towards user u, PLu,b is the path loss between user u and
g-NodeB b. Similarly, the interference Iq,b and Ik,b can be expressed as:
Iq,b =
Pq ·AGq,b ·AGb,q
PLq,b
(8)
Ik,b =
Pk ·AGk,b ·AGb,k
PLk,b
(9)
where Pq and Pk are the transmit power of interfering user q and interfering FSS terminal k, respectively.
AGq,b and AGk,b are the interfering user q and FSS terminal k, respectively, transmit antenna gains
towards g-NodeB b. AGb,q and AGb,k is the g-NodeB b receive antenna gain towards interfering user q
and FSS terminal k respectively. PLq,b is the path loss between interfering user q and g-NodeB b, PLk,b
is the path loss between FSS terminal k and g-NodeB b.
It is next necessary to define a mathematical equation for the antenna pattern where we are using
an antenna model defined by standards in [7]. Since antenna arrays are adopted in the 5G system, the
g-NodeB and the user antennas can be steered towards the intended direction. This steering is enabled
by applying weights to each element in the array. Such weighting is captured by the array factor. For
a 2-dimensional M ×N array structure with M elements in each column and N elements in each row,
and element position in x, y, z plane of
(
rn,mx, rn,my, rn,mz
)
, the array factor AF (θ, φ) at any vertical
direction of θ and horizontal direction of φ w.r.t. the array orientation can be computed as:
AF =
M−1∑
m=0
N−1∑
n=0
exp
(
jKd · rn,m
) · exp (−j K · rn,m) (10)
with
Kd · rn,m =
2pi
λ
(
sin (θd) cos (φd) rn,mx + sin (θd) sin (φd) rn,my + cos (θd) rn,mz
)
(11)
K · rn,m =
2pi
λ
(
sin (θ) cos (φ) rn,mx + sin (θ) sin (φ) rn,my + cos (θ) rn,mz
)
(12)
where λ is the wavelength, θd is the intended vertical steering direction (from positive z-axis), φd is
-300 -200 -100 0 100 200 300
x-axis
-300
-200
-100
0
100
200
300
y-
ax
is
Macro gNB
User
(a) Dense urban single tier sites
-800 -600 -400 -200 0 200 400 600 800
x-axis
-800
-600
-400
-200
0
200
400
600
800
y-
ax
is
Macro gNB
User
(b) Urban macro sites
Figure 2: Deployment scenarios
the intended horizontal steering direction (from positive x-axis). The overall antenna array gain can be
formulated as the product of the antenna element radiation pattern EG and the array factor, i.e., using
the pattern multiplication method.
AG = EG ·AF (13)
EG depends on characteristics and design of the antenna element. The reader is referred to [4] and [7]
for the 5G g-NodeB and the UE antenna element gain functions.
Equations (10)−(13) are applicable to the 5G g-NodeB and user. For the FSS terminal, the inter-
national telecommunication union (ITU) recommends a rotationally symmetric pattern for interference
assessment purposes. Such FSS pattern is defined as [8]:
AGk,b(υk,b) =

10
Gk
10 , 0◦ ≤ υk,b < 1◦ or − 1◦ < υk,b ≤ 0◦
10
32−25 log(|υk,b|)
10 , 1◦ ≤ υk,b < 48◦ or − 48◦ < υk,b ≤ −1◦
1
10 , 48
◦ ≤ υk,b ≤ 180◦ or − 180◦ ≤ υk,b ≤ −48◦
(14)
where Gk is the maximum boresight gain of FSS k antenna, and the combined horizontal and vertical
off-boresight angle υk,b between FSS k and g-NodeB b can be calculated by using the method in [9] as:
υk,b = arccos
(
cos(εk) cos(εpk) cos(ρ) + sin(εk) sin(εpk)
)
(15)
where ρ is the azimuth angle of FSS k terminal w.r.t. g-NodeB b, εk is the FSS k elevation angle, εpk
is the elevation angle of the radio path at the FSS k terminal. The reader is referred to [9] and the
references therein for the derivations of this equation.
Several path loss models can be used to calculate PLu,b, PLq,b and PLk,b depending on the 5G
deployment scenario and the g-NodeB type. For example, the 5G Channel Model Office for indoor
hotspot scenario, the 5G Channel Model Urban Macro for Macro g-NodeBs, and the 5G Channel Model
Urban Micro Street-Canyon for micro g-NodeBs [10]. To avoid repetition, we refer the reader to [7]
for the details of each path loss model. We consider the worst-case SINR scenario where 5G users
are deployed at the g-NodeB cell-edge. The rationale behind this decision originates from the fact
that the serving g-NodeB receives the lowest uplink signal from cell-edge users (i.e., maximum path
loss between the user and the serving g-NodeB). In other words, we consider the lowest value for the
nominator of (6). Consequently, defining a FSS/g-NodeB protection distance based on performance
constrains of cell-edge uses ensures acceptable performance for all other users (e.g., cell-centre users).
4 Simulation Results
The evaluation considers two of the 3GPP 5G NR deployment scenarios. These include dense urban
single layer and urban macro. In the former, macro cells are deployed in a hexagonal grid with 200 m
inter-site distance while in the latter the macro cells are deployed with 500 m inter-site distance. In each
scenario, we consider a 1 ring network (i.e., 7 g-NodeB sites each with three sectors resulting in 21
g-NodeB sectors). Fig. 2 shows the considered 5G deployment scenarios. We evaluate the protection
distance from the central g-NodeB. In the g-NodeB, the sectors are deployed with 120◦ azimuth shift,
and the g-NodeB sector antenna array is steered electronically towards the intended users. The 5G
users are deployed in the cell-edge (i.e., at 100 m and at 250 m distance in the dense urban single
Table 1: Simulation parameters
Parameter Value
Frequency 28 GHz
5G network layout 21 g-NodeB sectors in 7 g-NodeB sites
Total number of users 21
5G simulation bandwidth 20 MHz
FSS simulation bandwidth 10 MHz
User height 1.5 m
User transmit power 26 dBm
User antenna array size M = 4, N = 4 and dual polarization
user antenna array element spacing λ
2
, with λ being the wavelength
User antenna element radiation pattern 3D pattern of [7]
User antenna element maximum gain 5 dB
g-NodeB height 25 m
g-NodeB noise power spectral density -174 dBm/Hz
g-NodeB noise figure 7 dB
g-NodeB antenna array size M = 8, N = 16 and dual polarization
g-NodeB antenna array element spacing λ
2
g-NodeB antenna element radiation pattern 3D pattern of [7]
g-NodeB antenna element maximum gain 8 dB
BLERr 10%
FSS height 20 m
FSS transmit power 43 dBm
FSS maximum gain 42 dB
FSS elevation angle 20◦, 35◦, 50◦
Path loss model 5G Channel Model Urban Macro [7]
Traffic model Full buffer
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Figure 3: Resource element efficiency in dense urban single layer scenario
tier and urban macro scenarios, respectively). This gives a worst-case scenario where the serving g-
NodeB receives the lowest signal from the intended user. 210 users with 10% activity probability (i.e., 21
active users) are deployed each with a random physical orientation. However, each user antenna array
is steered electronically towards the serving g-NodeB. Several simulations are conducted with the user
position, physical orientation, and path loss model realisations being changed in each run. The results
are averaged over all simulation runs.
At the system level, the physical layer procedures (e.g., channel coding and decoding, modula-
tion and demodulation, channel estimation and equalisation, waveform generation, physical layer im-
pairments, etc.) are abstracted and represented by a performance mapping. Extensive link level
simulations are performed offline using the Matlab 5G Toolbox2 to determine the lowest SINRr that
achieves the BLERr target for different coding/modulation schemes. We consider eMBB use case with
BLERr = 10%. The 3GPP 5G NR 4-bit CQI table [3] is considered for the coding/modulation schemes.
Once the SINRr mapping is obtained, the system level simulation is performed to determine the pro-
tection distance. The full list of simulation parameters is provided in Table 1.
Fig. 3 shows the 5G NR uplink resource element efficiency in the dense urban single layer scenario.
As expected, increasing the FSS elevation angle increases the 5G efficiency due to the reduction in the
FSS off-boresight gain towards the g-NodeB. Similarly, increasing the FSS/g-NodeB distance increases
the 5G efficiency due to the increase in the path loss which in turns reduces the FSS interference.
2www.mathworks.com/products/5g.html
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Figure 5: Resource element efficiency in urban macro scenario
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Figure 6: Reduction in resource element efficiency in urban macro scenario
However, it can be noticed that the efficiency/distance relationship reaches a saturation point. The
FSS effect becomes dominant in distances less than 400 m with 50◦ FSS elevation angle, whereas
the 5G users interference becomes dominant at distances ≥ 400 m, hence a further increase in the
FSS/g-NodeB distance does not result in any additional efficiency gains. In areas/satellites with 20◦
FSS elevation, the effect of FSS interference stays dominant until the FSS/g-NodeB distance is ≥ 700 m
at which the 5G user interference dominates the performance.
Fig. 4 shows the reduction in the 5G uplink resource element efficiency (in the dense urban single
layer scenario) resulting from the additional co-existence interference w.r.t. the case where the FSS is
not operating (i.e., the interference is from 5G users only). As can be seen, deploying the FSS at the
edge of the g-NodeB cell (i.e., at 100 m) results in a significant loss in the 5G uplink efficiency. Precisely,
97%, 84%, and 67% loss in the efficiency is observed with 20◦, 35◦ and 50◦ FSS elevation respectively.
Considering a maximum tolerable loss of 5%, a protection distance of 500 m will be required with 20◦
FSS elevation. A stricter target of <= 1% efficiency loss requires 640 m protection distance.
Figs. 5 and 6 show results of the urban macro scenario. It can observed in Fig. 5 that the FSS
(i.e., coexistence) interference effect stays dominant until FSS/g-NodeB distances ≥ 1.5 km with 35◦ or
50◦ FSS elevation. With a lower FSS elevation angle of 20◦, the effect of coexistence interference stays
visible until FSS/g-NodeB distances ≥ 2.5 km. In other words, the FSS interference has a higher effect
in the urban macro scenario compared with the dense urban scenario. This can be traced to the larger
inter-site distance in the urban macro scenario which results in a lower uplink performance (i.e., the 5G
user is far away from the serving g-NodeB). Consequently, the additional FSS interference results in
a significant effect on the performance. Such loss can be observed in Fig. 6 where a complete (i.e.,
100%) loss of the 5G uplink can be observed with FSS/g-NodeB distance of 100m irrespective of the
FSS elevation angle. Considering a maximum tolerable loss of 5% and 1%, a protection distance of
2 km and 3 km, respectively, will be required with 20◦ FSS elevation. Expressed differently, the protection
distance in the urban macro scenario is 4×−5× the protection distance in the dense urban scenario.
This suggests that the 5G deployment scenario is a key factor that has a significant effect in setting
deployment constraints to enable 5G/FSS coexistence in the mm-wave band.
5 Conclusion
In this paper, we investigated coexistence of 5G NR with FSS in the mm-wave band. We focused on
the uplink of both systems and considered realistic 3GPP 5G NR deployment scenarios with multiple
g-NodeBs and multiple users. The developed model considers both the 5G system (i.e. user to g-
NodeB) interference and the coexistence (i.e., FSS terminal to g-NodeB) interference. Several 5G NR
features are exploited as enabler for the coexistence. These include the massive antenna arrays which
are steered dynamically towards intended users hence maximising the 5G uplink gain and minimising
the coexistence interference. In addition, we utilised the 5G adaptive coding/modulation mechanism with
CQI reporting to enable operating the FSS terminal with the 5G system at a controlled expense/penalty.
A protection area around the g-NodeB is defined based on the maximum tolerable performance loss.
To ensure a generic framework applicable to different configurations and frame structures, we proposed
using the resource element efficiency as a measure for the tolerable loss, i.e., sharing constraint. Simu-
lation results indicate that the 5G deployment scenario is a key factor in determining the protection area.
We found that 5G deployment in urban macro scenarios requires 400% increase in the protection dis-
tance compared with 5G deployment in dense urban scenarios. Future work will consider the downlink
of the 5G system to define sharing constraints based on performance of both 5G uplink and downlink.
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